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Abstract 
We had been developing a current multiplier by inductive storage (CMIS). The prototype of CMIS consists of 12 
storage copper coil with switching units.  Coils and feeders are cooled by the liquid nitrogen to reduce the resistivity. 
Output current pulse with 480 A could be generated, by charging the coils to 40 A.  The continuous current pulses of 
666 pulses per minute were obtained owing to the fast switching of coil currents by using IGBTs. Two types of the 
multi-functional CMIS were designed conceptually; one is for mega ampere and the other is for long pulse. The 
system consists of the superconducting (SC) magnet section with a temperature of 20 K and the IGBT control switch 
section with a temperature of 77 K. The SC coil is cooled down from 77 to 20 K by a G-M refrigerator.  The IGBT 
control switches are soaked in liquid nitrogen to reduce the total resistance from CMIS coils to the load. 
© 2011 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of Horst Rogalla and 
Peter Kes. 
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1. Introduction 
The pulsed-power supply using an inductive storage has been developed by many researchers to the 
present. The critical problem in a development of the inductive pulsed-power supply is in the opening 
switch to commutate a large electric current. This opening switch is required to commutate the current of 
several mega-amperes for the application to an electro-magnetic launcher (EML). To reduce the duty of 
opening switch, the parallel operations of the inductive storages had been done [1-3]. However, the 
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Fig. 1. Sequence to generate the inductive current 
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Fig. 2  Schematic of CMIS experimental apparatus being cooled 
by liquidnitrogen (LN2). 
current magnitude for each opening switch was still large because of the parallel operations of only 
several inductive storages. 
For above solution, we have been developing the inductive pulsed power supply consisting of many 
coils with the methodology of Marx Generator [4-5]. The Marx Generator is charged in the parallel 
connection of each capacitor and discharged in the series connection to obtain the high voltage. In contrast, 
this inductive pulsed-power supply is excited in the series connection of each coil and discharged in the 
parallel connection to obtain the pulsed large electric current. The preliminary experiment showed that 
this process was correct [6-7]. 
In this paper, the preliminary experiments of CMIS with 12 inductors have been done. These inductors 
can be cooled down by liquid nitrogen (LN2) to decrease the resistance of the coils and bus-bar. This 
paper describes the experimental results. The conceptual design of mega-ampere CMIS and long pulse 
CMIS were also describes in this paper. 
2. CMIS Performance via copper coilat 77 K  
2.1. CMIS Circuit 
Because the principle of the CMIS originates from the sequential discrete operation of step-down 
transformer, all inductors corresponding to the primary winding have been connected in series. In this 
time, however, each inductor is individually connected to a battery to remove the switches for output and 
to simplify the circuit, as shown in Fig. 1. The most distinctive feature in this circuit is that the switching 
between energizing inductor and output for one inductor is done by only one insulated gate bipolar 
transistor (IGBT). This improvement also reduced the resistance of output circuit which had been mainly 
dominated by IGBT with the resistance of about 40m:, being conductive to reduce the energy loss. It is 
mentioned here that the circuit shown in Fig. 1 is electrically equivalent to the circuit of series connection 
of inductors in previous experiments [6]. 
2.2. Experimental apparatus 
The experimental apparatus has 12 inductors which form a toroidal coil An LN2 cooler was used to 
cool down the inductors until the temperature of LN2. The schematic of experimental apparatus is shown 
in Fig. 2. The parameters of the CMIS toroidal coil are shown in Table I. The LN2 cooler cools only the 
toroidal coil, and the lead wire connecting to inductors can not be cooled in whole. Thus the 24 lead wires 
were led out the cooler, and connected to IGBTs on the bench for the control devices. 
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-100
0
100
200
300
400
500
600
-0.005
0
0.005
0.01
0.015
0.02
0.025
0.03
0 0.2 0.4 0.6 0.8
Output Current
Input Current
Magnetic Field
C
ur
re
nt
 (
kA
)
M
agnetic F
ield (T
)
Time (s)
Fig. 4. Sequence to generate the inductive current 
Table 1. Parameter of prototype CMIS toroidal coil. 
Parameter values 
Major radius 105 mm 
Miner radius  60 mm 
Height of coil 500 mm 
Number of module coils 12 
Number of turns 400 turns 
Diameter of copper wire 2 
Total inductance (toroidal coil) 5.5 mH 
For the power supplies to energize the inductors, the lead batteries of 12 volts were used. The input 
current energizing the inductor was measured from the resistance voltage drop of 10 m:. The output 
current from 12 inductors is loaded to a resistance of 2 m:, and measured from the resistance voltage 
drop of 10 m: with an accuracy of 5%. The output current from the 12 inductors was loaded to a 
resistance of 2 m: with an accuracy of 5% and measured from the resistance voltage drop. 
2.3. Characteristics of the CMIS  
In the experiment, at room temperature, the maximum input current of 5.8 A is obtained, because the 
resistance of inductor is 2.1 :.  As a result, the obtained maximum output current is 70 A (which is 5.8 A 
multiplied by 12 which is the number of the inductors), the pulse width of which is about 30 ms. 
 The result of experiment cooled by LN2 is shown in Fig. 3.  By cooling inductors until LN2
temperature, the output and input currents are increased by a factor of seven compared to the experiment 
at room temperature. From analysis of these waveforms, it is found that the conductivity of copper was 
improved by a factor of eight compared to the case at room temperature. By the increase of the current 
rise time, a time of more than 1 s is needed until the input current becomes steady, as shown in Fig. 3.  
This is determined by the time constant of inductance and resistance in the loop of coil and power supply.  
Figure 4 indicates that the continuous current pulses of CMIS at LN2 temperature and magnetic field  
strength of the toroidal coil.  Pulsewidth and the interval time are 10 and 110 ms, respectively. It is also 
mentioned in this experiment of continuous pulse shown in Fig. 4 that the input current continuously 
energizes inductor after the output current is broken off. This smooth switching is due to the feature of 
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Fig. 5. Schematic drawing of the long pulse SC CMIS 
circuit shown in Fig. 1 that the break of output circuit automatically starts with a start-up of IGBT to 
energize inductor and vice versa.  
3. Conceptual design of the Superconducting CIMS. 
The merits of using the superconducting (SC) coil and bus-bars for the CMIS are to realize, 1) low 
energy consumption for long pulse operation, 2) high-current density and high magnetic field for 
downsizing the system. Figure 5 shows the schematic drawing of the SC CMIS. It consists of the SC 
module coil section with temperature of 20 K and the IGBT control switch section with temperature of 
77K. Here, the SC coil is considered under the condition applying multi-filamentary BISCCO tape with 
the characteristics of low ac loss and high critical current in high magnetic field. Two types of large 
current multipliers by HTS SMES were designed conceptually: One is Mega Ampere SMES and the other 
is long-pulse SMES.  The major specifications of both SC CMIS are listed in Table 2.  
The HTS bus bars between them are made of SUS bars embedded HTS wires, by which the heat leak 
from 77k region is reduced. The superconducting storage coil is cooled down from 77K by GM 
refrigerator. Here, magnetic energy, inductance and charging current were fixed, and the required current   
was adjusted by the number of module coils that are proportional to the multiplication factor. 
Table 2.Specifications of the SC toroidal field coil of type A and Type B. 
Parameters Type A (mega ampere) Type B (long pulse) 
Major radius / Minor radius 1.15 / 0.45 m 1.15 / 0.45 m 
Number of module coils 360 72 
Turn number of a module coil 20 100 
Inductance of the TF coil 4.99 H 4.99 H 
Magnetic field strength on major radius 3.51 T 3.51 T 
Stored energy of the TF coil 19.6 MJ 19.6 MJ 
Coil current (output current) 2800 A  (1 MA) 2800 A (200 kA) 
Type of the SC wire  DI-BSCCO* DI-BSCCO* 
*DI-BSCCO: Multi-firamentary BI-2223 tape (Sumitomo Electric Co.) 
 S. Yamada et al. /  Physics Procedia  36 ( 2012 )  741 – 746 745
㪧㫆㫎㪼㫉㩷㪪㫌㫇㫇㫃㫐
㪣㫆㪸㪻㩷
㪪㪼㫉㫀㪼㫊 㩷
㪠㪞㪙㪫
㪧㪸㫉㪸㫃㫃㪼㫃 㩷㪠㪞㪙㪫
㪠㪇
㪥㫆㪅㩷㪈㪥㫆㪅㩷㪉㪥㫆㪅㩷㪊㪥㫆㪅㩷㫅
㪪㪈㪪㪉㪪㪊
㪧㪈㪧㪉㪧㪊㪧㫅
㪪㪋㪪㫅
㪤㪼㪺㪿㪸㫅㫀㪺㪸㫃㩷㪪㪮
㪎㪎㩷㪢㩷㪚㫆㫆㫃㫀㫅㪾
㪉㪇㩷㪢㩷㪚㫆㫆㫃㫀㫅㪾
Fig. 6  Electrical circuit of the SC CMIS.
3.1. Electrical Circuitand Control Scheme 
Figure 6 illustrates the electrical circuit of the SC CMIS as shown in Fig. 5. Start-up and termination of 
the output current are formed by the on and off control of the series IGBTs and parallel IGBTs. 
Energizing of the SC magnet starts by turning on of all series IGBTs.  When the parallel IGBTs P1 turns 
on and series IGBTs S1 turns off coil current I0 is commutated to the Load. When P2 is on and S2 is off, 
current of No.1 coil and current of No.2 to No. n are commutated to the Load. In case of P1 to Pn are off 
and S1 to Sn are on, the all of module coil current flow into the load, and load current of nI0 can be 
obtained. On the other hand, S1 to Sn turn on and P1 to Pn turn off, all module coil currents are commutated 
to the power supply. 
3.2. Mega Ampere CMIS and Long Pulse CMIS 
The MA-CMIS generating the current pulse with a peak current of 1 MA decaying until 0.8 MA by 
converting the energy of 7 MJ was studied.  As shown in Fig.7, 360 module coils making of the high 
temperature superconductor forms the current peak of 1 MA by using the current technology of power 
semiconductor. Since decay time constant of the load current was 8.56 ms, the pulse duration that the load 
current decayed to 80 % was 1.7 ms.  Effective countermeasure to increase the pulse duration may 
increase the inductance of the SC module coils, otherwise following current regulation at the at the 
current decay phase. 
Figure 8 shows the typical waveform of input current and output current generated by the Type B 
CMIS.  In this type, storage coil consists of 72 module coils, and turn number of each coil is 100.  Sixty 
modules were used for the current start-up, and other 12 modules were used for the start-up one after the 
other to compensate the current decay.  Duration of current flat-top increased to more than 42 ms. The 
ripple of the output current was 1.7 %. It is in inverse proportion to the number of modules for the initial 
start-up.  Therefore, current pulse duration and current ripple compensation can easily control by the pre-
programming of start-up of the modules.  
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Fig. 7. Calculation of the input current and output current of  
the mega ampere CMIS. 
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the long pulse CMIS. 
4. Conclusions 
We proposed that the new type of the current multiplier by the inductive storage (CMIS).  The results 
are concluded as follows; 
(1) We made prototype of the CMIS.  It consists of 12 copper coils. Output current of 480 A was 
obtained, when the module coils were charge up to 40 A. 
(2) Two types of large current multipliers by HTS SMES were designed conceptually.  One is MA 
SMES and the other is long-pulse current multipliers by HTS SMES.  
(3) It was confirmed that SC CMIS is effective to reduce a required space and to be flexible in 
operation. 
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